Multiphase machines have been recognized in the last few years like an attractive alternative to conventional three-phase ones. This is due to their usefulness in a niche of applications where the reduction in the total power per phase and, mainly, the high overall system reliability and the ability of using the multiphase machine in faulty conditions are required. Electric vehicle and railway traction, all-electric ships, more-electric aircraft or wind power generation systems are examples of up-to-date real applications using multiphase machines, most of them taking advantage of the ability of continuing the operation in faulty conditions. Between the available multiphase machines, symmetrical five-phase induction machines are probably one of the most frequently considered multiphase machines in recent research. However, other multiphase machines have also been used in the last few years due to the development of more powerful microprocessors. This chapter analyzes the behavior of generic n-phase machines (being n any odd number higher than 3) in faulty operation (considering the most common faulty operation, i.e. the openphase fault). The obtained results will be then particularized to the 5-phase case, where some simulation and experimental results will be presented to show the behavior of the entire system in healthy and faulty conditions. The chapter will be organized as follows:
Introduction
Multiphase machines have been recognized in the last few years as an attractive alternative to conventional three-phase ones. This is due to their usefulness in a niche of applications where the reduction in the total power per phase and, the high overall system reliability and the ability of using the multiphase machine in faulty conditions are required. Electric vehicle and railway traction, all-electric ships, more-electric aircraft or wind power generation systems are examples of up-to-date real applications using multiphase machines, most of them taking advantage of the ability of continuing the operation in faulty conditions. Among the available multiphase machines, symmetrical five-phase induction machines are probably one of the most frequently considered multiphase machines in recent research. However, other multiphase machines have also been used in the last few years due to the development of more powerful microprocessors. This chapter analyzes the behavior of generic n-phase machines (n being any odd number higher than 3) in faulty operation (considering the most common faulty operation, i.e. the open-phase fault). The obtained results will be then particularized to the 5-phase case, where some simulation and experimental results will be presented to show the behavior of the entire system in healthy and faulty conditions. The chapter will be organized as follows:
First, the different faults in a multiphase machine are analyzed. Fault conditions are detailed and explained, and the interest of a multiphase machine in the management of faults is stated. The effect of the open-phase fault operation in the machine model is then studied. A generic n-phase machine is considered, n being any odd number greater than three. The analysis is afterwards particularized to the 5-phase machine, where the open-phase fault condition is managed using different control methods and the obtained results are compared. Finally, the conclusions are presented in the last section of the chapter.
Faults in electromechanical multiphase drives
An electrical drive is an electromagnetic equipment subject to different electrical and mechanical faults which, depending on its nature and on the special characteristics of the system, may result in abnormal operation or shut down. In order to increase the use of electrical drives in safety-critical and high-demand applications, the development of cost-effective, robust and reliable systems is imperative. This issue has recently become one of the latest challenges in the field of electrical drives design [1] . Therefore, fault-tolerance, which can be defined as the ability to ensure proper speed or torque reference tracking in the electrical drive under abnormal conditions, has been considered in three-phase electrical drives taking into account different design and research approaches, including redundant equipment and over-dimensioned designs, leading to effective and viable fault standing but costly solutions. Faulttolerance in three-phase drives for different types of faults is a viable and mature research field, where the drive performance and the control capability is ensured at the expense of extra equipment [1] . However, this is not the case in the multiphase drives area in spite of the higher number of phases that the multiphase machine possesses, which favors its higher faulttolerance capability compared with conventional three-phase drives. Multiphase drives do not need extra electrical equipment to manage post-fault operation, requiring only proper postfault control techniques in order to continue operating [2] . Therefore, they are ideal for traction and aerospace applications for security reasons or in offshore wind farms where corrective maintenance can be difficult under bad weather conditions [3] [4] [5] [6] . Faults in an electromechanical drive can be also classified depending on the nature (electrical or mechanical), the location or the effect they have on the overall system (notice that different types of faults can result in the same abnormal machine behavior). The most common classification of faults in electrical drives defines three main groups of faults that can appear in the electrical drive. The power converter, electronic sensors (current, temperature, speed and voltage) and the electrical machine focus the main faults in an electrical drives, as shown in Figure 1 . These faults are detailed hereafter.
1.
Electrical machine faults that can be caused by either electrical or mechanical problems/ stress and are further divided as follows [7] [8] [9] [10] [11] :
manufacturing problems, dynamic stress from shaft torque, environmental conditions and fatigued mechanical parts [10] [11] .
4.
Air-gap irregularities due to static or dynamic eccentricity problems. Eccentricity is caused by manufacturing and constructive errors that generate an unequal air gap between the stator and the rotor, leading to unbalanced radial forces and possible rotorstator contact [10] . Static eccentricity appears when the position of the air gap inequality is fixed, whereas dynamic eccentricity happens when the rotor center is not properly aligned at the rotation center and the position of the air gap does not rotate equally.
5.
Bearing faults, which are mainly caused by assembling errors (misalignment of bearings) that result in bearing vibration forced into the shaft [16] .
6.
Bent shaft faults, which are similar to dynamic eccentricity faults [10] . These faults appear when force unbalance or machine-load misalignment happens, resulting in machine vibration and further machine failure [11] .
Statistically, the most common faults in electrical machines are the bearing failures, stator winding faults, broken rotor bar, shaft and coupling faults, cracked rotor end-rings, and airgap eccentricity [7] [8] [9] , leading to unbalanced stator currents and voltages, the appearance of specific harmonics in the phase currents, overall torque oscillation and reduction, machines vibration, noise, overheating and efficiency reduction [10] [11] .
1. Sensor Faults. Electrical drives commonly include speed, voltage and current sensors for control and protection purposes ( Figure 1 ). In the multiphase drive case, standard FOC and predictive control techniques require a speed and at least n − 1 (for an n-phase drive) current measurements in order to ensure proper control behavior. In case of abnormal sensor operation, inexistent or nonaccurate signals can downgrade the system performance or result in a complete drive failure [17] [18] [19] [20] . Sensor faults have been mainly analyzed for three-phase drives, and recent works have also addressed this type of faults for the multiphase case [21] [22] [23] . Notice that depending on the faulty sensor (i.e. DC-link voltage, current or speed), the effect in conventional three-phase or multiphase drive is mainly the same. In any case, the analysis of these kinds of faults mainly focuses on handling only one faulty sensor due to the small probability of fault in more than one sensor [24] , which would include current and speed sensor faults, which are the most critical in electrical drive applications. The main reason for this is that high-performance drives are based on speed and current closed-loop controllers and consequently on speed and current sensors. Any variation or systematic error on the measured quantities may result in instantaneous power demanding control actions, subjecting the whole system to possible electrical stress [17] .
2.
Power Converter Faults. The most common types of faults in electrical drives are those associated to the power converter [25] . Power converter faults are presented graphically in Figure 1 , and can be further classified as single short-circuit switch fault, single opencircuit switch fault, phase-leg short-circuit fault, phase-leg open-circuit fault or opencircuit line fault [2] . These types of faults are mainly due to the burn out of the semiconductor or due to the semiconductor driver failure, forcing the semiconductor to remain in a constant ON or OFF state. As a result, the power converter may either lose a complete phase (also termed open-phase fault) or may physically maintain the number of phases and current flow but lose specific control capabilities on either one or both of the semiconductor of a certain phase. Thus, the configuration of the electrical drive varies, and the post-fault electrical drive may be regarded as an entire different system [26] .
The phase redundancy that multiphase drives possess allows managing faulty operation without the need of extra equipment, depending on the specific electrical machine configuration. Postfault control techniques exploit extra degrees of freedom of the multiphase system to maintain a circular Magneto-Motive Force (MMF) and achieve the desired speed or torque references. Depending on the type of fault and the electrical drive characteristics, different postfault control strategies, drive configuration and electrical machine winding connections are adopted under postfault operation. For instance, in the case of short-circuit faults, the proposed fault management strategies are based on controlling the available four healthy phases in a five-phase drive, maintaining operation at the expense of higher stator phase winding losses and torque ripple [27] . Nonetheless, this increase in torque ripple is managed in a dual three-phase drive [13] maintaining postfault operation with one three-phase drive in short-circuit and compensating the braking torque with the healthy three-phase drive [28] . The inclusion of auxiliary semiconductors in the electrical machine windings, in order to change from a short-circuit fault to an open-circuit or open-phase fault, was also addressed in [29] , where ripple-free output torque was obtained with the appropriate control of the remaining four healthy phases. As a result, the multiphase electrical drive is able to manage different types of faults but at the expense of extra electronic equipment, like in the conventional threephase case. Different winding connections have also been considered for single and phase short circuit faults for a dual three-phase machine, assessing the effect of the harmonics obtained in the machines losses and torque, and evaluating its performance under different working conditions [30] . A similar approach has also been followed for open-phase and openline faults, where different drive topologies or machine winding connections have been considered. In one study [3] , a six-phase drive was designed in order to independently control each phase of a three-phase machine under different types of faults and its viability was stated emulating an open-circuit line fault. Five-phase machines considering penta-and star-type winding connections are also compared in another study [30] , where fundamental and thirdharmonic components are used to control the post-fault operation of the electrical drive. The available torque is increased, while torque ripple and losses are reduced. It is concluded that penta-winding connection results in improved fault-tolerance capabilities due to the higher number of open-circuit phases it can withstand (three open-phase faults in a five-phase drive).
But fault management does not include only postfault control techniques. It is divided in four different states namely, fault occurrence, fault detection, fault isolation and, finally, postfault control or the fault-tolerant control operation. Different fault detection and fault isolation techniques have been proposed based on the specific characteristics of the electrical drive to ensure proper postfault behavior. Then, a proper postfault control method is implemented to maintain correct reference tracking. This book chapter will be only focused on the postfault controller, and fault-detection and fault-isolation techniques will not be addressed.
Analysis of an open-phase fault in multiphase drives with odd number of phases
The most common fault, the open-phase fault, is studied in this section. The ability of a multiphase machine managing the fault operation lies in the greater number of phases and in the greater number of independent variables that model the system. The model of the multiphase machine is analyzed. The analysis is done for a generic multiphase machine. Then, the modeling equations of an n-phase multiphase drive under an open-phase fault operation is presented, emphasizing their effect in the healthy model to understand the imposed constraints for the design of postfault control techniques.
In the first place, the n-phase one neutral induction machine model is studied. The machine can be modeled by a set of stator and rotor phase voltage equilibrium equations referred to a fixed reference frame linked to the stator as follows:
Where θ represents the rotor electrical angular position with respect to the stator, and rotates at the rotor electrical velocity ω r . The voltage, current and flux matrices are given by (3)- (8) .
Notice that the voltage rotor components (4) are equal to zero.
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The rotor and stator resistance and inductance matrices are defined as follows: 
Due to the machine symmetry, the stator-rotor (L msr ) and rotor-stator (L mrs ) mutual inductances are given by:
Making possible to conclude that: 
L n n n n n n n n n n (15) Notice that [I n ] is the identity matrix of order n, ∆ i angles are defined as: ∆ i =θ + (i−1)ϑ, being i={1,2,3, ,n}, L ls and L lr are the stator and rotor leakage inductances, and ϑ is the angle between phase windings.
Depending on the working state of the electrical drive and the number of phases it possesses, different transformation matrices can be used in order to describe the machine's electrical parameters in an αβxyz reference frame. For instance, for normal operation the traditional Clarke transformation (16) is used. 1 cos  cos 2  cos 3  cos  1  2  2  2  2   1  1  1  1  0 sin  sin 2  sin 3  sin  1  2  2  2  2  1  1  1  1  1  2  2  2 
In order to eliminate the time dependence of the coupling inductances and divide the model in a set of different independent-orthogonal equations, the Clarke transformation is applied to the machine model. The stator and rotor voltage, current and flux components in the α 1β 1 α 2β 2 -…z n reference frame can be calculated by: 
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Multiplying the transformation matrix T n with the stator and rotor phase voltage equations,
(1) and (2), we get:
When an open-phase fault occurs in phase "i", the stator windings become an unbalanced system, the faulty phase current is now zero (i is =0), leading to a modification in the machine equations.
Due to the fact that the machine has no longer symmetrical stator windings, the back-emf terms are no longer mutually canceled, consequently the sum of the phase voltages are no longer zero.
Even though the faulty phase stator current will be zero, the corresponding phase voltage with respect to the neutral machine point will have an equivalent voltage value equal to the backemf (22) .
Taking this into account the new voltage, current and flux matrices are:
as bs cs ds es ns (25) l l l l l l l
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Notice that the rotor components remain the same as in normal operation, due to the fact that in postfault operation the machine rotor maintains a symmetrical winding distribution.
The absence of the stator phase results in a loss in one degree of freedom. Depending on the position of the faulty phase the transformation matrix (16) is modified, making it no longer possible to generate the same number of orthogonal sub-systems, leading to the removal of one or more of the generated components (29) . Consequently, the machine coupling inductance matrices (10) (11) (12) (13) (14) for the stator-rotor components need to be arranged considering the absence of the faulty phase. 1 cos( ) cos(2 ) 0 cos( ( 1) ) cos( ( 1) ) 1 cos( ) 0 cos( ( 2) ) cos( ( 2) ) cos(( 1) ) 1 0 cos( ( 3) ) cos( ( 3) ) cos( ( 2) ) cos( ( 1) ) 0 cos( ( 4) )
The equations (1) and (2) need to be multiplied by the new Clarke transformation matrix T nuf , to express the stator and rotor voltage, current and flux components in the 
The equations (31) and (32) depict the stator and rotor voltage vector equations in the α 1β 1 - 
Open-phase fault operation in five-phase drives
The case study presented in this chapter is a 5-phase induction machine with symmetrical and distributed windings. The n-phase mathematical model presented in the previous section must be first particularized for the 5-phase case to understand the system behavior in the faulty situation and to predict the effect of the selected control actions on the post-fault controlled system. Two different post-fault control strategies for the open-phase fault management will be presented. The first one is based on linear Proportional Resonant (PR) current controllers and the field oriented control technique. The second one is also based on the field oriented control method but combined with a Predictive Current Control (PCC) technique. Both control methods can be applied during postfault operation, and will be described in this section, along with the criteria that can be used to generate the current references in the drive during the fault. These criteria differ from those established in healthy operation, and constitute one of the bases of the postfault operation of the drive.
A. Five-phase induction machine modeling under an open phase fault
The general n-phase induction machine model introduced before can be particularized for the 5-phase case. Taking also into account that the faulty phase is 'a', which can be made without any lack of generality, from now on it can be assumed that i as = 0. The stator/rotor resistance, inductance and coupling general matrices can be obtained as follows: The 5-phase case is characterized by the transformation matrix (T 5 ). The stator and rotor phase variables can be mapped to a set of four independent variables divided in two orthogonal stationary planes (namely α-β and x-y subspaces) and a zero sequence component (z component). Notice that the distributed windings' characteristic of the five-phase machine determines that the torque production is only dependent of the αβ components, while xy components only generate motor losses. This particularization for the 5-phase case can be summarized in the following equations: 
While the traditional Clarke transformation matrix (T 5 ) is applied in healthy state, a modified matrix can be used under open-phase postfault operation in order to have a reduced-order subset of equations. If the reduced-order Clarke transformation matrix remains orthogonal as in (T 5 ), the asymmetries lead to noncircular αβ current components. In order to compensate for the stator/rotor impedance asymmetries appearing in postfault situation, a new nonorthogonal transformation matrix that will be named (T PCC ) is used here [31] . When the fault appears, it is no longer possible to define four independent variables in the system because a fixed relationship exists between α and x current components, being i sx = − i s . 
During prefault operation the five-phase drive possesses 2 5 = 32 switching states and the sum of the healthy phase voltages is zero ( ∑ v in = 0 ) . However, if an open-phase fault appears, the available switching states are reduced to 2 4 = 16 and the faulty phase current is zero. Nonetheless, the faulty phase voltage is not null since there is a back-emf induced in the faulty phase, leading to an asymmetric effect in the machine modeling [31] . Taking this into account, the phase voltage of the faulty phase ('a') is given by:
Consequently, the back-emf term can be expressed as (45), estimating the stator flux term in (44) and considering the transformation matrix (T 5 ) and i sx = − i s . 
As a result, the stator phase voltage matrix (43) must be modified considering the faulty phase back-emf in the phase voltage equilibrium equations and must guarantee sinusoidal flux [4] . Consequently, taking into account the faulty phase voltage and the absence of current in the open-phase, the stator phase voltage matrix can be written as in (46). 4 3
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B. Implemented fault-tolerant control methods
In what follows, the two implemented open-phase fault-tolerant controllers are presented. Different control criteria can be implemented depending on the overall electrical drive aim. However, only field oriented control methods have been recently used to manage postfault (open-phase type) operations. The inner current controllers of the field oriented controller have been implemented using linear or predictive control techniques. Both methods require a redefinition of the stator current references in the postfault operation to ensure minimum copper losses, a minimum derating strategy or minimum torque ripples in the drive [4, [31] [32] [33] [34] [35] .
The maximum achievable αβ currents in the electrical drive vary depending on the selected control criteria. In general, the minimum copper loss criteria is used in applications where efficiency is of special interest and, consequently, Joules losses need to be minimized, while the minimum derating or the minimum torque ripple strategies are preferred when the faulty electrical drive must provide the maximum achievable torque or ensure smooth, vibrationfree operation, respectively. From the postfault operation control performance and controller perspective, all the techniques behave in a similar way in the multiphase drive. In our case, the minimum copper loss criteria will be used for comparison purposes for the sake of simplicity.
Minimum copper loss criteria
The minimum copper loss (MCL) criterion focuses on reducing the drive losses. The αβ stator current references are then calculated in order to ensure proper torque/flux control while imposing a rotating circle-shaped MMF and maintaining the amplitudes of the phase currents bellow the rated values of the drive (these maximum values are established by the power semiconductors of converter and the stator windings of the electrical machine). As a result, the drive needs to be derated in such a way that the remaining healthy phases do not exceed their nominal current value (I n ) and the maximum reference currents in the αβ subspace are [36] :
The non-torque contributing y -current reference is set to zero (i y * = 0) in order to minimize Joules losses, whereas the x -current component is not anymore an independent variable for the controller (it is inherently fixed to the α -current component after the fault occurrence). Notice that the procedure to manage the postfault operation effectively minimizes the electrical drive losses, at the expense of reducing the maximum obtainable postfault torque and generating unequal peaks of the phase currents [36, 37] .
Predictive Current Control (PCC)
The first fault-tolerant control scheme is the PCC method, based on Finite-Control Set (FCS) Model-Based Predictive Techniques [38] . An accurate discrete system model is required in order to predict the machines' operation for every VSI state. The implemented controller is based on an outer PI-based closed-loop speed control and an inner fault-tolerant PCC method, as shown in Figure 2 . During every sampling period (k), the speed and the stator currents of the machine are measured. Then, stator currents are mapped into the stationary αβ - The main control criterion in healthy operation is to maintain a desired electrical torque, while ensuring sinusoidal stator current references in phase coordinates (a-b-c-d-e). This objective is met under normal drive operation by setting a constant circular stator current reference vector in the αβ plane and a zero reference stator current vector in the xy plane. In postfault operation, the x -axis stator current is inherently fixed to the α -axis stator current. Then, the αβ stator current references can be set following a circular trajectory but with a derating factor in its maximum value, while the y-axis stator current is now controlled to be null.
Successively, the α-β current components are mapped in the rotating d-q reference frame by means of the Park rotating transformation (51) and the field-oriented control position estimator (52). The implementation of PCC techniques for multiphase fault-tolerant drives requires the same control scheme for pre-and postfault operation, as long as the following considerations are addressed after the fault occurrence detection:
• The weight of the xy currents has to be changed in the cost function. The x current weight will be set to zero and the y current will be the same as for the α-β currents, i.e. C = 0 and A = B = D in (48).
• The y current reference has to be changed, depending on the selected postfault control criteria.
• The limitation of the αβ currents need to be changed to (47), changing the settings of the saturated anti wind-up PI speed controllers.
• The transformation matrix that relates the switching functions with the phase voltages need to be modified as in (46) and the Clarke transformation of (42). 
Proportional Resonant Control (PR)
The second open-phase fault-tolerant implemented control scheme is based on stator current x-y Proportional Resonant (PR) regulators, as it is explained in [37] . The control techni-que is detailed in Figure 3 . It is based on a rotor flux controller, where the speed and flux control are implemented in a rotor-flux-oriented reference frame (d-q coordinates) using PI regulators. For simplicity, the d-current reference is set to a constant value while the qcurrent reference is obtained from the speed error and a PI controller. The phase currents of the machine can then be mapped in the stationary α-β-x-y planes using the classic Clarke transformation and a position estimator. In order to improve the controllers' performance, two feedforward terms e d and e q , which depend on the machine model (it is used a rotor-flux estimator based on the speed measurement and the d-current component [37] ), are included in the control loop: The PR controller is implemented using two PI regulators in two different reference frames to track positive and negative stator current sequences [37] , one rotating in the direction of the field-oriented reference frame (ω 1 ) and the other in the opposite direction ( − ω 1 ). These PI regulators are capable of appropriately following the current references with nonoscillating terms. When their outputs are summed, and the action of the PR control is generated, the controller is capable of effectively driving to zero the total tracking error.
The main advantage of implementing linear controllers in open-phase fault-tolerant drives is that the asymmetry in the impedance terms in the α-β plane does not affect the controller performance. Then, there is no need to consider the back-emf of the faulty phase in the voltage equilibrium equations, and the same electrical drive model can be used for control purposes in normal or abnormal operation. Nonetheless, it must be considered that due to the low bandwidth that PI regulators possess, the parameters of the utilized PI must be tuned for different operating points in pre-or postfault operating conditions, increasing the complexity of the implemented controller. 
Experimental and simulation results
In this section, simulation and experimental results will be presented to show the behavior in healthy and faulty states of the five-phase induction machine with symmetrical and distributed windings. Simulation results were obtained using the mathematical model of the machine and a Matlab & Simulink based simulation tool described in [40] , whereas the experimentation was done using an electrical drive test-bench designed and implemented in a lab. To start with, the test bench will be described.
A. Simulation Environment and Test-bench
The developed Matlab & Simulink simulation environments are shown in Figure 4 . Each simulation model is composed of three main parts: the controller algorithm (PR and PCC based, respectively), the voltage source converter and the five-phase induction machine model. Depending on the selected postfault control criteria, appropriate current references must be provided to the controller. The minimum copper loss is used during postfault operation and, consequently, the y-current reference is set to zero.
The experimental test-bench is shown in Figure 5 . The five-phase machine was built based on a conventional three-phase induction machine (IM) that has been rewound to obtain a symmetrical five-phase induction motor with distributed windings. This five-phase machine is driven by two conventional SEMIKRON (SKS22F) three-phase two-level voltage source inverters (VSI's), connected to an independent external DC power supply as the DC-Link. The IM is mechanically connected to a DC motor, which can provide a programmable mechanical load torque to the five-phase drive. The rotational speed is measured by means of an incremental encoder from the manufacturer Hohner with reference 10-11657-2500, coupled to the shaft. For control purposes, four phase hall-effect current sensors are used to measure the stator phase currents. The control actions are performed using a DSP-based Electronic Control Unit (ECU) connected to a personal computer (this PC acts as a Human Interface Unit which manages the entire test bench) using a standard RS232 cable. The user of the system can program the control algorithm using the Texas Instruments proprietary software called Code Composer Studio. This software runs in the DSP and configures the ECU's internal peripherals, the communication protocol and the data acquisition system.
The PCC and PR control strategies are implemented in the DSP to analyze and compare the behavior of the real system. Regardless of the control strategy, the experimental tests that follow are performed setting a constant d-axis stator current reference of 0.57 A for constantflux operation, while the q-axis stator current reference is obtained from the PI-based speed controller (Figure 2 and Figure 3 ). The VSI's DC-link voltage was set to 300 V. The fixed 
B. Steady-state performance in postfault operation
The steady-state performance can be easily studied using the simulation environment. First, the postfault model of the system, and the PCC and PR controllers are implemented using aforementioned Matlab & Simulink environments. The behavior of the system is evaluated driving the motor at a reference speed of 500 rpm and applying a load torque of 56% of the nominal one (T n ). The obtained stator phase currents are shown in steady-state in Figures 6 and 7 for PCC and PR controllers, respectively. The minimum copper loss operation is applied. Then, phase currents possess unequal peak values, with phases b-e equal in magnitude and higher than those of phases c-d. It is observed that the fault-tolerant PCC produces higher current ripple than the PR control method, even though the sampling frequency of the predictive controller is set at four times the value of the PR method. This is due to the intrinsic property of FCS predictive controllers, where the switching frequency is not fixed and depends on the electrical drive operating point. The behavior of the entire system offers faster response and lower switching frequency using PCC than PR-based controllers. The αβ current vector describes a circular trajectory and the x-y terms present the same behavior using both postfault controllers, being the x-current term fixed to -α and the y-current term null. The same steady-state test is performed experimentally using the real test bench. The experimentally obtained results in postfault situation are presented in Figure 8 . Notice that simulation and experimental results agree, and the fault-tolerant system using the PCC controller provides higher current ripple than using the PR control method. Nonetheless, both controllers appropriately track the current references in all subspaces, producing a circular trajectory similar to the one obtained in healthy operation. 
C. Dynamic operation: From pre-to postfault operation
The pre-and postfault operations are now analyzed and compared. In order to provide a more realistic insight, tests have been conducted considering a fault detection delay. Consequently, a delay between the fault occurrence and the control action is observed.
The results provided in Figure 9 show the pre-to postfault transition with a fault detection delay of 40 ms between the fault occurrence in phase 'a' at t = 0.2 s and the control software reconfiguration. The results obtained when the PCC is implemented are presented in the left column whereas results obtained with PR are shown in the right side. The speed reference is set to 500 rpm, as in previous tests, while a constant load torque of (0.56T n ) is demanded.
In the case of PCC, the q -current waveform clearly indicates that the control is completely lost during the fault detection delay (Figure 9 , second row), and as a result a speed drop is observed (Figure 9 , first row). Notice that the β-current component is not affected during the fault detection delay because the faulty phase 'a' does not contribute to the β component (Figure 9 , third row). Conversely, the α and x stator current components are both driven to zero ( Figure  9 , third and fourth rows), causing torque oscillations. This abnormal operation is observed during the fault detection delay due to the absence of an accurate system model for the PCC to provide an adequate control. After the fault detection delay, the control scheme is reconfigured and a more accurate system model is considered. As a result, the α-current reference is immediately tracked (Figure 9, third row) , the x-current becomes sinusoidal (i x = − i αs ) and the y-current is null according to the minimum copper loss criterion (Figure 9 , fourth row). On the other hand, the q-current waveform when PR control is implemented shows a slight drop in the moment when the phase is open (Figure 9 , second row), but the control action is maintained during the fault detection delay and the motor speed is only slightly affected (Figure 9 , first row). Thus, the effect of the delay and the control reconfiguration is noticeably less severe in the case of PR compared to PCC. This can be explained by the fact that the prefault PR control scheme is essentially similar to the postfault scheme except for the transition from PI to PR in the xy current controllers. Once the postfault current references have been properly tracked, PR control can effectively provide the reference torque and regulate the speed, but an important current oscillation appears at double the fundamental frequency due to some negative sequence current that cannot be regulated by the dq controllers. The speed is, however, not affected, so the system is regulated with minimum modifications in postfault situation. The transition from pre-to postfault is also tested under low speed operation ( Figure 10 ). The fault detection delay is considered equal to 200 ms and an instantaneous control reconfiguration of the system after the fault occurrence is not considered. As in previous tests, the fault occurs at t = 0.2s and constant load and speed references are maintained from pre-to postfault operation.
The machine is driven at 50 rpm, and a 56% of the nominal torque is applied during the test. This value of torque matches with the maximum quantity that the minimum copper loss criteria can manage in a postfault situation. As it is observed, the speed reference tracking is slightly affected after the fault occurrence with PR controller (Figure 10 , first row); however, this effect is much more noticeable when the PCC controller is implemented (Figure 10 , first row). Despite this considerable drop of speed, the system reaches the reference speed using the PCC controller sooner than when using the PR technique. Then, PCC controllers present again faster responses compared with the PR controllers.
Conclusions
This chapter focuses on the management of open-phase faults in multiphase electrical drives. First of all, the different types of faults that appear in conventional and multiphase drives are presented. The ability to continue operating in the event of a fault, which is one of the main advantages of multiphase drives compared to standard three-phase ones, is discussed next. The open-phase fault being the most common type of fault, it is next analyzed in a generic multiphase drive with an odd number of phases. The analysis is particularized for one of the most common multiphase drives, the five-phase induction machine with symmetrical and distributed windings. The considered open-circuit is located in phase 'a', but the result is general due to the spatial symmetry of stator windings. Two recently proposed controllers based on the field oriented control technique, the PR and PCC-based methods, are described as alternatives to manage the pre-and postfault operation with a minimum cost in the redesign and performance of the controllers. Both methods must share the strategy to operate in postfault operation, which must change the limits of the impressed stator currents to guarantee the safety operation of the entire system. This is the case of the minimum copper loss criterion, described in the document and applied with PCC and PR techniques to study the performance of a five-phase IM using simulation and experimental results. These results not only show the behavior of the system in steady and transient states, but also compare the ability of predictive and linear controllers to manage the fault appearance. Provided results show that speed control in postfault operation is viable using either PCC or PR control methods, with nearly similar performance. Speed response of the predictive technique is faster than using a PR controller at the expense of a higher steady-state current ripple. Additionally, PCC proves to be more affected in the transition from pre-to postfault modes of operation because the high dependence on the model accuracy provides less robustness during the unavoidable fault detection delay. Both control methods, however, ensure safe operation within the postfault current ratings, and proper postfault current reference tracking.
